Hybridization and introgression are antagonistic to the process of speciation. If hybrids are viable and capable of backcrossing, introgression will slow or prevent the evolution of reproductive isolation between populations. If species hybridize upon secondary contact, introgression will ultimately erode species boundaries. Systems exhibiting hybridization in nature are marching toward one of the following extreme scenarios. If hybridization is rampant and gene flow is high, the proportion of hybrids will approach values expected with random mating. In this scenario, introgression will overcome species boundaries and homogenize populations. Alternatively, if species are genetically distinct, the proportion of hybrids would be significantly less than expected with random mating, gene flow would be interrupted by selection against hybrids, and inviability or sterility of F 1 hybrids or backcrosses would be expected. Here we investigate a system with characteristics of both of these juxtaposed (how about "antagonistic", or "opposing", or something like that, rather than juxtaposed) scenarios.
INTRODUCTION
There is substantial evidence supporting the evolution of reproductive isolation in allopatry across taxa (Palumbi, 1994; Rice & Hostert, 1993) . However, the absence of strict allopatry results in various levels of gene flow, which is antagonistic to the process of speciation. Therefore, in partial or complete sympatry, it is important to understand how populations can diverge into separate species despite the homogenizing effects of genetic exchange (Avise, 1994; Porter & Johnson, 2002) . Indeed hybridization, gene flow, and introgression are integral to the concept of species. Hence, hybrid zones have been called "windows on the evolutionary process" (Harrison, 1990) and have been increasingly recognized as are fertile grounds for evolutionary studies concerning evaluating models of speciation, and the maintenance of species boundaries (Anderson & Thompson, 2002; Hewitt, 1988) .
Hybrid zones conform to two opposing scenarios. Systems exhibiting hybridization in nature are marching toward one of the following extreme scenarios. The direction of the march depends on the relative fitness of the hybrids. The rate depends on level of gene flow. First, if hybridization is rampant and gene flow is high, the proportion of hybrids will approach values expected under random mating (i.e. no pre-zygotic reproductive isolation). In this scenario, introgression will eventually overcome species boundaries and homogenize populations, as has been observed in Darwin's ground finches of the genus Geospiza (Freeland & Boag, 1999) .
Alternatively, if species are genetically distinct, the proportion of hybrids would be will be significantly less than expected under a random mating model, gene flow would will be interrupted by selection against hybrids, and inviability or sterility of F 1 hybrids or backcrosses would be is expected. Furthermore, when hybridization occurs, reproductive isolation is expected to increase with genetic distance (Coyne & Orr, 1989) . Therefore, closer relatives are expected to have a greater tendency to hybridize relative to more distantly related species pairs.
Here we describe patterns of hybridization in a system that does not conform to these theoretical expectations.
The genus Hexagrammos (greenling) includes six species of temperate reef fishes that are endemic to the North Pacific. Hybridization occurs between three genetically distinct species that exhibit fixed differences at multiple molecular loci (Crow, Kanamoto & Bernardi, 2004) .
We found surprising trends in the observed proportions of hybrids, patterns of hybridization, and sex ratio of F 1 hybrids. Only two of six potential classes of F 1 hybrids are observed in nature, and these crosses are not between closest relatives. Finally, viable backcrossed individuals are observed, indicating potential for introgression between all three species. Therefore we invoke selection against hybrids, or advanced backcrosses, as the only plausible explanation for the maintenance of species boundaries in this system.
BACKGROUND ON HEXAGRAMMOS SPECIES
Hybrids between three Hexagrammos species have been previously described from a zone of distributional overlap in Peter the Great Bay, Russia based on the occurrence of morphological intermediates (Balanov & Antonenko, 1999; Balanov et al., 2001) . The ranges of the two southern species, H. otakii (Jordan & Starks, 1895) and H. agrammus (Temminck & Schlegel, 1843) , occur in sympatry off Japan and the Korean peninsula and overlap slightly with the ranges of three northern species, including H. octogrammus (Pallas, 1814) , between latitudes 40º N and 44º N (Figure 1 ). The hybrids described in Peter the Great Bay are between the northern species H. octogrammus and the southern species H. agrammus (Balanov & Antonenko, 1999) or H.
otakii (Balanov, Markevich, Antonenko & Crow, 2001 ). However, interspecific mating between all three species has been described based on underwater observations off northern Japan , but adult hybrids have not previously been described from that region.
In both of these geographic localities of distributional overlap, nothing is known about the relative abundance of hybrid individuals, or the role of hybridization in the evolution of these species.
Hexagrammos males guard benthic nests with several clutches of eggs deposited from multiple females (Crow, Powers & Bernardi, 1997) . Therefore, hybridization occurs as a result of non-assortative mating behavior, not from random dispersal of gametes produced by broadcast spawning. Females are multiple spawners (Antonenko, 1999; Crow et al., 1997; Kurita, Sano & Shimizu, 1995) and each species exhibits a protracted spawning season associated with water temperature that varies with season and latitude. The peak spawning period for the two southern sympatric species are the most divergent in time, but they do intersect. Reproductive season is approximately from mid September to mid October for H. agrammus, and from mid October to mid November for H. otakii. In contrast, the reproductive season of H. octogrammus occurs approximately from mid September throughout October, overlapping considerably with the reproductive seasons of the two southern species.
SYMPATRIC AND ALLOPATRIC SPECIATION
The importance of sympatric speciation has been viewed with skepticism because the homogenizing effect of gene flow is antagonistic to the evolution of reproductive isolation (reviewed in Via, 2001 ). However, sympatric speciation can occur when divergent selection acts on traits that directly, or pleiotropically, contribute to prezygotic reproductive isolation (Kondrashov & Mina, 1986; Rice & Salt, 1990 ) such as disparity in breeding season as observed in sympatrically distributed Hexagrammos species. It is also plausible if linkage disequilibrium occurs between divergently selected loci and loci affecting mate choice because this could overcome the selection-recombination antagonism (Felsenstein, 1981) . Therefore, sympatric speciation initially occurs when selection acts on relatively few loci resulting in prezygotic reproductive isolation. Accordingly, Coyne and Orr (1989; observed, with remarkable consistency, that prezygotic isolation evolves faster than postzygotic isolation in sympatry, relative to allopatry.
Allopatric speciation is caused by genetic drift or selection that results in disruption of co-adapted gene complexes in hybrids. These Dobzhansky-Muller incompatibilities explain intrinsic, or developmentally mediated, loss of fitness in hybrids, not ecologically mediated selection against intermediate phenotypes (Blier, Dufresne & Burton, 2001; Rice & Hostert, 1993) , and their role is widely accepted in the evolution of postzygotic isolation between allopatric species (reviewed in Lijtmaer, Mahler & Tubaro, 2003; Porter & Johnson, 2002; Turelli & Orr, 2000) .
MOLECULAR TECHNIQUES FOR EVALUATION OF HYBRIDS AND DETECTION OF PATTERNS IN SYMMETRY AND VIABILITY
The development of molecular techniques has been important in the analysis of hybrid zones to characterize frequencies of pure species and hybrids, and to document patterns of gene exchange and introgression (Boecklen & Howard, 1997) . Using a combination of markers to determine the association between cytoplasmic and nuclear genotypes (cytonuclear markers) provides a powerful genetic tool to characterize behavioral, ecological, and evolutionary processes in hybrid zones including frequency of hybridization, introgression, mating preferences (such as gender-based asymmetries), and hybrid fitness which may influence the genetic architecture of hybrid zones (Avise, 2001 ).
In 1997, Dowling and Secor (1997) noted that much more was known about hybridization in plants than animals. Since that time, some interesting generalizations have been proposed about patterns of hybridization across taxa such as birds and mammals (Fitzpatrick, 2004) and frogs (Sasa, Chippindale & Johnson, 1998) , and with respect to hybrid frequencies and mechanisms of speciation (e.g. Jiggins & Mallet, 2000) . It is becoming clear that hybridization is more common in animals than was once thought, and more complex, as may be the case of Hexagrammos fishes. Therefore many more examples of naturally occurring hybrid populations are needed to evaluate trends in speciation processes in animals.
Our objectives in this study are to (1) Determine the role of hybridization in processes of speciation by comparing observed proportions hybrids individuals with expected values under a random mating model, at one site in an area of distributional overlap-off Usujiri, Japan, (2) evaluate evidence for introgression between the three hybridizing Hexagrammos species, and (3) infer patterns in mating system and potential fitness costs associated with hybridization using a combination of nuclear and mitochondrial molecular markers.
MATERIALS AND METHODS

SAMPLE COLLECTION
In 1998, 144 hexagrammids Hexagrammos fishes were sampled from five sites in Japan: Misaki (Figure 2c ). These species-specific sets of characters are hereafter referred to as "classic" morphology. Differences in standard lengths among pure species and hybrids were evaluated by ANOVA. All data were tested for normality and were log transformed if necessary.
Differences in sex ratios were assessed by comparing observed numbers of males and females, for each species (Hag, Hoc and Hot), with expected (equal) proportions by Chi Square analysis.
GENETIC DETERMINATION OF PURE SPECIES, HYBRID, OR BACKCROSS STATUS DNA EXTRACTION, PCR AMPLIFICATION, AND RFLPS
Fin clips were collected and air-dried on paper for DNA extraction. Tissues were digested overnight at 55°C in 500µl salt extraction buffer (400mM NaCl, 10mM Tris, 2 mM EDTA, 1% SDS, 20µg/ml Proteinase k). DNA was purified by standard phenol:chloroform extraction and isopropanol precipitation (Sambrook, Maniatis & Fritsch, 1989) .
For the 109 general survey samples taken in 1998, the maternal ancestor of all individuals was inferred by sequencing or RFLP of the 16S ribosomal subunit mtDNA locus. Individuals exhibiting morphological variations were sequenced at two nuclear loci (which two?) to determine hybrid status. Every individual sampled in 2000 for the hybridization study (n=229) at Usujiri Marine Biological Station was genotyped at three molecular loci (which three?) for assignment of pure species or hybrid status.
Fixed differences in pure species were determined from sequences of 6 loci (cyt b, 16S, CaM, S7RP, Ldh and ck) from 10-17 individuals each of Hoc, Hot and Hag in a previous phylogenetic study (Crow et al., 2004) . These individuals exhibited "classic" morphological features and were sampled from various locations throughout that species' range. Three loci were optimized for genetic determination of hybrids using RFLP analysis from two nuclear loci (S7RP & CaM) and one mitochondrial locus (16S). Selected loci were PCR amplified for RFLP analysis using the following primers: (1) the first intron of the S7 ribosomal protein; (S7RP) EX1F and (S7RP) EX2R (Chow & Hazama, 1998) ; (2) the 4 th intron of the Calmodulin gene (CaM), CALMex4F
and CALMex5R (Chow, 1998) , and 3) 16S ribosomal subunit 16SAR and 16SBR (Kocher, Thomas, Meyer, Edwards, Paabo, Villablanca & Wilson, 1989) . Each 50 µl reaction contained 10 to 100 ng of DNA, 10mM Tris-HCl (pH 8.3), 50mM KCl, 5 mM MgCl 2 , 1.5 units of Taq DNA Polymerase (Perkin-Elmer, Norwalk, CT), 0.25 mM dNTPS, and 0.3 µM each primer. The amplification cycling profiles were as follows: (1-2) 30s at 94°C, 1 min at 60°C, and 2 min at 72°C, x35 cycles (3) 45s at 94°C, 45s at 48°C, and 1 min at 72°C, x35 cycles.
The CaM and S7RP loci exhibit fixed differences between Hexagrammos species corresponding to unique restriction sites for each Hexagrammos species and all possible combinations of F 1 hybrid parental ancestry. The restriction enzymes BsmI and BsshII (New England BioLabs, Inc.) were used to restrict Hot and Hag CaM PCR products respectively. The restriction enzyme BbsI (New England BioLabs, Inc.) was used to restrict Hoc S7RP PCR products and the restriction enzyme EcoNI (New England BioLabs, Inc.) was used to restrict the 16S mtDNA locus. PCR products were run (simultaneously with products from both restriction reactions for CaM) on 1% agarose gels and visualized using ethidium bromide.
Individuals were scored as F 1 hybrids when heterozygous at all diagnostic nuclear loci. The inclusion of a second nuclear marker allowed detection of backcrossed individuals to determine 
MOLECULAR MARKERS AND ERROR ASSOCIATED WITH ASSIGNMENT OF BACKCROSSES
All F 1 hybrids were detected with certainty and exhibited heterozygosity at both nuclear loci.
However, this estimate could include backcrossed individuals that were erroneously assigned as F 1 hybrids. Backcrossed individuals will exhibit heterozygosity at 50% of diagnostic loci, which is further reduced by half in each successive backcross generation (Avise, 2001) . In all categories, the potential for error lies in underestimating the frequency of backcrossed individuals, which were incorrectly assigned as pure species or F 1 hybrid. The probability that a first generation backcross will be assigned as a pure species or F 1 hybrid with two nuclear markers is 25% of the true number of backcrosses (Boecklen & Howard, 1997; Epifanio & Philipp, 1997) . The estimated number of backcrosses in this study, albeit is potentially underestimated (because of the use of only two nuclear loci), however, was 13 individuals, or 5.68% of the total sample. Furthermore, the probability of erroneously assigning backcrosses to F 1 hybrid or pure species categories is equivalent across categories (in this case-three pure species and two hybrid classes) and therefore is relatively low in any one category (Boecklen & Howard, 1997 expected proportions of hybrids to determine the relative importance of hybridization vs.
assortative mating. We constructed a Punnett square to estimate expected proportions of pure species and hybrids under random mating with the assumptions that (1) genotypic frequencies are representative of the study area and (2) sex ratios of pure species are equal (as shown above).
Overall the observed pattern of pure species and hybrid frequencies was significantly different from random (Figure 3 ). This result is driven by the differences in observed frequencies of pure species being greater than expected with random mating, indicating assortative mating is dominant, and the fact that four of the six classes of hybrids did not occur, indicating unidirectional mating or selection against four hybrid classes. However, the two hybrid classes that did occur, were approximately equal to, or greater than what would be expected by random mating. Surprisingly, these data implicate rampant hybridization for some species pairs and potential for introgression and incomplete reproductive isolation. These results are unexpected because introgression is antagonistic to maintenance of species boundaries, yet these three species are genetically distinct.
Cytonuclear disequilibria-There was a nonrandom association between maternally inherited mtDNA haplotypes and biparentally inherited nuclear genotypes. Whereas the expected frequencies of pure species and hybrids under a random mating scenario were estimated from frequencies of individuals, the cytonuclear disequilibria statistics were based on frequencies of genotypes ( Table 1 ). The cytonuclear disequilibrium statistic (D), introduced by Clark (1984) and Asmussen et al. (1987) is used to infer cytonuclear signatures describing reproductive behaviors associated with various hybridizing systems including patterns of introgression and sex-based directionality to interspecific matings (see Avise, 2001 ). The theory was developed for the conventional system of hybridization between two species. This system is unique in that three species are involved in hybridization, however, the statistics for pairwise comparisons were highly significant for hybridizing species pairs (Table 3a) . The cytonuclear signature indicates sex-based directionality to interspecific matings and introgression between species.
DISCUSSION
Species within the genus Hexagrammos are genetically distinct, yet hybridization occurs between three species resulting in six potential classes of hybrids. Adults from four classes of hybrid crosses were not observed including hybrids between sister taxa Hot and Hag.
Accordingly, these species exhibit the greatest disparity in breeding season. Surprisingly, the two classes of hybrids that were observed exhibited unexpected high frequencies relative to observed proportions of pure species. These hybrids which result from matings of Hoc females and Hot or Hag males involve species pairs that are not closest relatives-. The fact that Hoc was the maternal ancestor of all F 1 hybrids sampled resulted in significant patterns of cytonuclear disequilibria (Table 3a) Second, there is direct evidence for interspecific mating between all three species, yet hybrids from only two crosses were observed in nature as adults. Finally, sex ratios were equal in pure species, yet all F 1 hybrids were female. Therefore males are presumed inviable, and selection is implicated as imposing a minimum fitness cost of 50%.
PHYLOGENETIC RELATIONSHIPS AND PATTERNS OF HYBRIDIZATION IN HEXAGRAMMOS SPECIES
Hybridization within the genus Hexagrammos is unique because it involves more than two species. Both morphological (Shinohara, 1994) and molecular data (Crow et al., 2004) (and H. lagocephalus, Shinohara, 1994) , whereas the molecular data indicate H. octogrammus is the singular sister taxon of this clade with sequence divergences of 3.02% and 2.43% respectively (Crow et al., 2004) . Interestingly, Hexagrammos hybrids that are observed are not progeny resulting from hybridization between closest relatives, rather between these and their allopatric congener H. octogrammus.
PURE SPECIES AND HYBRIDS ARE GENETICALLY AND MORPHOLOGICALLY DISTINCT
Species or hybrid assignments presented here were based on genotypic data from one mtDNA locus and two nuclear codominant loci exhibiting fixed differences between species. Diagnostic polymorphisms were determined for a previous study from 10-17 individuals sampled from various locations throughout their range. In further support of these fixed differences, We found that all individuals exhibiting "classic" morphology (from 229 individuals sampled in Japan 2000 including 28 Hag, 23 Hoc and 24 Hot) were genetically scored a pure species.
Furthermore, all individuals assigned as hybrids or backcrosses exhibited intermediate morphology. However, nine individuals exhibiting atypical morphological features were diagnosed as pure species, either indicating there is morphological plasticity (but not genetic heterogeneity at the loci examined), or more likely, these individuals are backcrosses, and introgression is greater than estimated.
While assignments were made based on genetic data alone, there were diagnostic morphological features for both observed classes of hybrids. All F 1 Hoc/Hag hybrids were identifiable by a configuration of lateral lines and number of cirri that is intermediate to parental
species. Alternatively, F 1 Hoc/Hot hybrids were diagnosable by standard length relative to the parental species Hoc, and all individuals resembling Hoc, yet larger than 25 cm SL, were found to be an F 1 Hoc/Hot hybrid or backcrossed individual.
BACKCROSSES AND INTROGRESSION
An interesting aspect of the cytonuclear data for the observed backcrosses is their unexpected genetic make up ( Table 2 ). The cytonuclear signature exhibited by Hexagrammos hybrids indicates potential introgression between all species and implicates sex-based directionality in interspecific matings or hybrid survivorship. Because F 1 hybrids are female and Hoc is their maternal ancestor, the genetic architecture in this system is expected to be profoundly affected, in that autosomal genes will move between all parental species but mitochondrial genes will move in one direction only from Hoc to Hot and Hag via female mediated introgression.
Therefore, backcrossed individuals would be expected to exhibit Hoc as their maternal ancestor.
Yet nine backcrossed individuals exhibited Hag or Hot as their maternal ancestors, (Table 2 ).
An unlikely explanation is that these individuals are backcrosses from Hot/Hag hybrids, but the probability of detecting F 1 hybrids is greater than detecting backcrosses, and F 1 Hot/Hag hybrids were not observed. A more plausible explanation is that these individuals are advanced backcrosses between male offspring from an F 1 -backcross and females of another species, which would facilitate gene flow between the three species. Because F 1 s are all female, F 2 s do not occur.
MATING SYSTEM AND/OR SELECTION
There is clear evidence for assortative mating in pure species, and observed frequencies are significantly greater than would be expected with random mating (Figure 3) . However, rampant asymmetrical hybridization occurs in nature with hybrid frequencies equal to (Hoc/Hag) or exceeding (Hoc/Hot) values expected with random mating. The observed pattern of asymmetry could be explained by behavior, natural selection, or a combination of both. For example the significant pattern of cytonuclear disequilibrium could only be caused by features of the mating system or selection against hybrids such as negative epistatic interactions between mitochondrial cytotypes and nuclear genomic backgrounds (Asmussen et al., 1987) . Prezygotic behavioral factors could be associated with asymmetrical hybridization expressed as preferences in mate choice such as sex-based directionality in interspecific matings. In this system, males are most likely non-discriminating and, among females, Hoc appears to be the least discriminating species. Hot females likely are discriminating and have not been observed to mate heterospecifically (Munehara, Kanamoto & Miura, 2000) , nor were F 1 hybrids with Hot maternal ancestry detected. Postzygotic factors contributing to differential survivorship could be due to natural selection. In this case hybrid matings could occur randomly but negative selection could eliminate progeny from some crosses. The absence of Hexagrammos hybrids from at least two hybrid classes where interspecific mating has been directly observed at the same site implicates negative selection in the development of these hybrids (Figure 3 ). When the frequency of hybrids is significantly less than expected under a closed system model, strong selection against hybrids has been invoked (eg. Bert & Arnold, 1995; and Helbig, Salomon, Bensch & Seibold, 2001) . One study on hybridization in Mercenaria clams inferred a complex pattern of selection acting on hybrids based on deviations from expected frequencies under a random mating model (Bert & Arnold, 1995) . The authors inferred endogenous, negative selection when observed frequencies were less than expected frequencies, and exogenous, positive selection when observed frequencies exceeded expected frequencies.
In summary, there is evidence that assortative mating in Hot females, and selection against hybrids following three lines of evidence are operating in the maintenance of species boundaries in this system. First, adult hybrids from several potential crosses are not observed despite direct observations of interspecific mating. Second, rampant hybridization would result in complete introgression and collapse of species boundaries unless interrupted by selection. Finally males are inviable in the F 1 generation, resulting in a minimum fitness cost of 50% associated with hybridization.
Of the six potential hybrid classes between these three species, only two are observed in nature as adults, even though several types of interspecific mating has been observed by underwater video surveillance . this system is that species boundaries are being maintained despite hybrid frequencies equal to or greater than expected with random mating (i.e. rampant hybridization) suggesting that introgression is being interrupted by negative selection. Therefore, selection must be enforcing fitness costs against hybrids at later life history stages and in advanced backcrosses.
In viable Hexagrammos hybrids that occur as adults, males are inviable in the F 1 generation, resulting in a minimum fitness cost of 50%. The inviability of males is suggestive of Haldane's Rule, which predicts that reduced fitness among F 1 hybrids tends to occur in the heterogametic sex (Haldane, 1922) , is common in organisms exhibiting hybridization, and is indicative of ongoing speciation processes (Coyne & Orr, 1989) . Karyotypes of four Hexagrammos species do not indicate obvious sex chromosomes (Matsumiya, Sakamoto & Nishikawa, 1980) . However, these data suggest that sex is likely to be genetically determined in this group of fishes.
MECHANISMS OF SPECIATION
Implicating models of speciation depends on comparison of prezygotic vs postzygotic reproductive isolation, and intrinsic (genetic incompatibilities) vs extrinsic (ecological) negative selection. In the case of sympatric Hexagrammos species, divergent natural selection is implied in the evolution of breeding season disparity, which is consistent with sympatric speciation.
These sister taxa are most closely related, yet appear to exhibit the greatest degree of reproductive isolation because adult hybrids between these species were not observed, which is consistent with prezygotic isolation evolving faster in sympatry relative to allopatric species pairs. However, interspecific mating was observed between Hag females and Hot males, therefore we have argued that intrinsic genetic incompatibilities may also play a role in the reproductive isolation of these species.
In the case of allopatric species pairs, genetic incompatibilities are expected to cause developmentally mediated loss of fitness in hybrids. We have argued that may be the case because Hag/Hoc hybrids do not occur as adults, even though interspecific mating has been observed and, more importantly, because males are inviable in the adult hybrids that do occur.
However, the relative proportion of adult hybrids between allopatric species pairs Hoc/Hag and Hoc/Hot was quite unexpected because it predicts complete introgression between these species.
Therefore, we invoke further support for negative selection at later life history stages such as advanced backcross generations because introgression appears to be minimal.
CONCLUSIONS AND SIGNIFICANCE
While the species status of fishes in the genus Hexagrammos is supported, reproductive isolation between Hot, Hag and their allopatric relative Hoc does not appear to be complete.
Here we reveal a complex system in nature with striking patterns and interesting characteristics. Expected frequencies were calculated with a punnett square using observed frequencies of pure species and hybrids from random samples (n=76, Table 1 ) and assuming equal sex ratios. The overall distribution of pure species and hybrids is significantly different from random mating (χ 2 , df=1 P<0.001). However, the observed frequency of Hoc/Hag hybrids is approximately equal to expected proportions with random mating, and the frequency of Hoc/Hot hybrids is greater. 45.00
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